Abstract: The earned value management (EVM) approach is considered to be the most objective method available in the measurement of project performances. Nevertheless, the method is limited and does not directly account for variation in individual performance values about a normal or natural level of project performances. Because of that, conventional EVM may cause some project managers to ignore the information that it can provide about the performance trends of their projects as well as their causes and effects. This paper attempts to refine and improve the performance of traditional EVM by the introduction of statistical control chart techniques. Individual control charts are used as tools to monitor variation in performances so that adverse changes can be detected in a timely manner. This allows analysis of in-progress project cost and schedule trends and highlights possible needs for corrective action. In conclusion, the proposed SPC control chart techniques used in EVM can effectively assist managers to timely monitor and manage project performance.
INTRODUCTION
The earned value management (EVM) method has been used to manage project scope, schedule, and budget worldwide for a long time. EVM is considered as a powerful tool that supports the management of project scope, schedule, and budget. It is a powerful approach for quantitative measure of work performance in terms of cost deviation and schedule deviation and for quantitatively estimating actual completion time and actual cost at completion. Traditional EVM monitoring of project performances is based on the budgeted cost of work performed (BCWP), budgeted cost of work scheduled (BCWS) and actual cost of work performed (ACWP). And then, the cost variance (CV) and schedule variance (SV), or cost performance index (CPI) and schedule performance index (SPI) are calculated to measure the project performances. CPI and SPI are usually expressed in the periodic or cumulative way. Although that the EVM approach is considered to be the most objective method available in the measurement of project performances, the method is limited and does not directly account for variation in individual performance values about a normal or natural level of project performances. A gap exists between the use of existing methods and the availability of an appropriate methodology that specifically addresses variation in performances. The nature of this variation when depicted in the cumulative way is not directly apparent and only a slight wavelike pattern is evident. This is not relevant were the EVM approach used, since only the final cumulated value is required, but it is important if a causal connection between individual project performance values and events or conditions were to be considered. Given the nature of the variation in project performance, it would appear that different types of events or conditions are operating, which may or may not be attributable to project managers. The above-mentioned situations can obviously be improved by providing the construction industry with statistical process control (SPC) method which supports the functions of continuous monitoring on the variation of project performances and effective analysis of cause and effect to provide corrective action recommendations. An overall scheme of preventive performance management by incorporating SPC is shown in Fig. 1 . It consists of four main components: 1) control chart plotting; 2) automatic control chart pattern recognition; 3) short-term trend prediction; and 4) cause and effect analysis. The algorithms and the operational procedures of each component will be surveyed in the future research. This paper mainly describes the basic concept and techniques of the SPC-based EVM.
This paper adopted the concept of SPC to analyze project performance data: CPI and SPI. In Section 2, we discuss the concepts of EVM and SPC used in this study. Section 3 explains, in detail, the stepwise procedure for combining SPC techniques for evaluating project performance trends and assignable causes of adverse trends. Conclusions are drawn and future directions are indicated in the final section. 
METHODOLOGIES

Earned Value Management
The basic concept of EVM has not changed for past three decades since its inception [2, 5, 6, 7, 11] . EVM is an established method for the evaluation and financial analysis of project performances throughout project life cycle so that project managers and the organization can take timely actions in response to indicators of poor performance and increase the opportunities for project success [5, 6] . Nevertheless, due to the over-complication of EVM methodologies and procedures, as well as massive efforts involved in data gathering, reporting and integrated information analysis, it is underused [2, 7] . In addition to the above-mentioned deficiencies, there is one more deficiency in traditional EVM. It relates purely to cost and schedule performances only at the report date and no account is taken in time sequence. Generally, only single cost and schedule status at specific report date and completion forecast are conducted to represent project performance. The variation in individual performance values is not directly evaluated in most cases. The persistent performance variations and their consequences are not detected in traditional EVM. To overcome the limitations of traditional EVM, SPC techniques are adopted in this research.
The kernel of EVM is earned value (EV). EV is basically the budget for the completed work up to a point in time [2, 6] . Earned value is also known as budgeted cost of work performed (BCWP). It is usually expressed in dollars and can be periodic or cumulative. In addition to BCWP, there are two basic data elements on the EVM report that are central to proper planning, measurement, and analysis: budgeted cost of work scheduled (BCWS) and actual cost of work performed (ACWP). BCWS is the budget for work scheduled to be completed. ACWP is the actual cost incurred in accomplishing the work within a given time period. Nearly all of the other data items in EVM may be derived from these three data items.
Two important performance indices are CPI and SPI. The indices are ratios. During project execution, CPI and SPI provide information about performance efficiency. CPI is the efficiency of achieving earned value with respect to the actual costs (CPI=BCWP/ACWP). SPI is the efficiency of achieving earned value with respect to the performance baseline (SPI=BCWP/BCWS). In the above formulas, 1.00 indicates that performance is on target. More than 1.00 indicates excellent performance; and less than 1.00 indicates poor performance. In practice, the warning level of SPI is generally drawn at 0.90 in Taiwan. When the index reaches within 0.90 and 1.00, more intensive monitoring measurements need to be taken. When the index reaches below 0.90, corrective actions need to be taken to avoid losing control of project.
Statistical Process Chart (SPC)
SPC are one of major statistical process control tools for performing statistical process control [9, 10, 12, 13, 14] . The SPC technique was first proposed in 1924 by Shewhart at Bell Lab [3, 9, 10, 12] . The main purpose of SPC is used as a feedback system that aids in preventing defects rather than allowing defects to occur. The control chart could graphically depict variation. SPC is used to distinguish variations due to assignable causes from those due to unavoidable chance causes. Based upon the output of SPC, it allows for the elimination of assignable causes and the reduction of common cause variation. SPC techniques have been intensively used for quality control in the manufacturing industry [3, 9, 10, 13] . SPC technique was also used as an aid to monitor environmental performance and software development [4, 9, 14] .
There are seven SPC control chart types, each having a specific application [12] . A summary of SPC types is depicted in Fig. 2 . Due to only individual datum per run in our case, the control chart technique, Individuals and Moving Range (termed as X-Rm) is used for the study. The formulas of X-Rm are depicted in the following. The theoretical principles underlying X-Rm are three: 1) samples are from normal distribution; 2) samples are independent and identically distributed; 3) samples are randomly selected. Lipke's research (2002) showed that if the requirement of normal distribution is not satisfied, the analysis and calculated results of control charts may be affected. The data with non-normal distribution need to be where X : average of observed data; k: the number of observed data; n: run length (n=2 in our case). A control chart consists of a central line and two control limits (upper and lower limits). If all process data are plotted within the control limits and without any particular tendency, the process is regarded as being in the controlled state. Control chart patterns provide the information about the state of a process. As stated above, when points fall outside the control limits or show a particular tendency, the process is regarded as being out of control, i.e., there exist assignable causes of variations and they need to be identified for process improvement. There are several ways to classify control chart patterns [3, 9, 10, 13] . The rules used in this study to detect control chart trend patterns are based on Western Electric Company edition. 
DATA COLLECTION AND TRANSFORMATION
Data for the performance evaluation in this paper were taken from an engineering consultant company.
The original data set contained 209 records. However, some data were deleted due to incompleteness and vagueness in data, and incompatible data conditions (such as different project types). Furthermore, in order to get higher correct prediction of performance analysis, the uniform distribution of data sets was also crucial.
Based upon the above-mentioned data selection principles, there were only 171 data pairs remaining for the performance analysis. The BCWS, BCWP and ACWP data are collected and analyzed from their budget plans and actual cost summary reports.
To evaluate whether the data set fullfils the principle of normal distribution, Kolmogorov-Smirnov (K-S) test was adopted for the evaluation. K-S test concentrates on the deviations between the hypothesized cumulative distribution function and the observed cumulative histogram. Its basic procedures are: 1) to rank the observations from the smallest to the largest; 2) to define the observed cumulative value ( ( ) n i X F i = ); 3) to compute the largest of the absolute values of the differences between the hypothesized CDF and the observed cumulative histogram evaluated at the observed values in the samples; 4) to compare the test statistic and threshold to decide the acceptance or the rejection of the hypothesis. The level of significance for this case was defined as 0.10. If the values of calculated level of significance are smaller than 0.10, the alternative hypothesis H 1 ： not normal distribution was accepted, i.e., samples are not from normal distribution. Table 1 shows that over one-third of performance data do not satisfy the requirement. Lipke's research (2002) showed that if the requirement of normal distribution is not satisfied, the analysis and calculated results of control charts may be affected. In this study, the natural logarithm function was applied for data transformation. 
ANALYSIS AND COMPARISON
171 data pairs of project performances and their related causes were collected for analysis. The natural logarithm function was applied for data transformation. Transformed project performance data were then plotted in the SPC control chart (see Fig. 3 ). Basic pattern analysis flowchart of the SPC control chart is depicted in Fig. 4 . The analysis results of 171 projects are summarized in Table 2 . As seen in Table 2 , only 36 SPI-X charts and 32 CPI-X charts are regarded as natural patterns. This is, only around one-fifth projects are in statistical control. Based upon the SPC control chart principles, there exist assignable technical and management causes that appear during the project process. They need to be identified and tackled. To evaluate the output of SPC analysis, traditional EV analysis was executed and its result was compared with SPC results. Traditionally, the construction industry generally sets 0.9 as the performance warning level. 171 projects were classified into 3 groups: in control, mainly in control, and out of control. The projects with all monthly performance indices above 0.9 are regarded as in control. The projects with 20% monthly performance indices below 0.9 are regarded as mainly in control. Others are regarded as out of control. The analysis results of traditional EV analysis are summarized in Table 3 . The majority of the projects are in control or mainly in control. It seems that the project control at the consultant company is excellent. However, based upon the SPC control chart analysis, many projects are not in statistical control (see Table 2 ). There may exist some assignable causes that affect project performances within the project control cycle. 
CAUSE AND EFFECT ANALYSIS
By interviewing project managers and reviewing project historical records, life-cycle stages having poor project performances are summarized in Tables 4. Different control chart patterns own varying causes. For example, for the Freak chart pattern, the causes are mainly from the construction stage, the administration stage, and the land acquisition stage. While the main causes of the gradual change in level pattern are from the construction stage and the bidding process. Overall, some causes simultaneously occur in several control chart patterns, they are the construction stage, the land acquisition stage, the bidding process and the administration stage. For these construction life-cycle stages with frequent cause occurrence, further data collection and analysis are required for detailed causes. Once these causes are identified, corrective measures need to be further analyzed and taken for out-of-control situations if necessary. Periodic review of the status of these causes should be conducted on a regular basis.
CONLCUSIONS AND FURTHER DIRECTIONS
The quick proliferation and complexity of project performance data indicate the need for a well-organized project performance analysis process. In this paper, a detailed quantitative procedure for monitoring and evaluating project performance was described. We show that SPC control chart techniques can be very useful for project performance monitoring and management. The proposed SPC control chart techniques, used in EVM, support effective and in-depth performance trend evaluation and further cause-and-effect analysis. This provides useful information to project managers responsible for monitoring and evaluating project performance. Although the traditional EVM approach is considered to be the most objective method available in the measurement of project performances, the method is limited and does not directly account for variation in individual performance values about a normal or natural level of project performances. A gap exists between the use of existing methods and the SPC-based EVM that specifically addresses variation in performances. The nature of this variation when depicted in the cumulative way is not directly apparent and only a slight wavelike pattern is evident. There are several benefits to this approach. First, the goal of proactive performance management is achieved by integrating EVM with SPC control chart techniques. The SPC-based EVM provides an environment such that project managers can be aware of relevant performance trend issues during the project process. Second, causes for performance variations can be systematically analyzed. Further measures can be taken to reinforce positive trends, stabilize performance or correct for adverse trends. Causes that affect performance trends can be further surveyed. Appropriate corrective measures can be taken to prevent non-compliance during the project execution cycle.
In conclusion, applying SPC control chart principles to EVM opens up many areas of research. First, one needs to continue to analyze and compare various types of SPC control charts. Using more performance data with different project types, it will be necessary to determine the appropriateness of applying SPC to EVM. Second, better understanding of cause and effect relationships on construction performance trends is needed. The appropriateness of corrective measures depends on whether the causes of performance trends are well defined. Third, for on-going projects, their project performance data and related causes are available; however, these pieces of information relate to the past. For future performance management and monitoring of the project, appropriate prediction models and cause-and-effect analysis are required. We hope that this paper will provide the motivation for some of this work. 
